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A Quick Summary 
• History

- MGRO J1908+06, an extended TeV source discovered with Milagro 
at median energies of 20 TeV.

- Spectrum measured by other ground-based TeV telescopes at lower 
energies (0.3 - 20 TeV) (HESS and VERITAS) 

• What’s new here?

- We have discovered a pulsar in a blind search with the Fermi LAT 
within the Milagro source. 

- Detected an X-ray source with Chandra with spectrum consistent 
with neutron star.

- Detected weak radio pulsations with the Arecibo radio telescope.

- Submitted to ApJ 
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TeV Observations 
• Extended TeV gamma-ray emission 

with ~0.3 degree extension.

• Photon index of 2.1 and a flux at 20 
TeV 80% that of the Crab nebula.  

Aharonian et al.: Detection of HESS J1908+063 confirms MGRO J1908+06 3
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Fig. 2: Gaussian-smoothed (σ = 0.11◦) excess map of the
3.6◦

×3.6◦ field of view around the position of HESS J1908+063.
The H.E.S.S. significance contours (for an integration radius of
0.22◦) above 4σ are superimposed and marked in green (for the
energy range between 0.7 to 2.5 TeV) and blue (for energies
above 2.5 TeV) contours. The green and blue crosses show the
two best fitted positions for the two excesses at the two different
energy ranges, the bars being the statistical errors. The possible
counterparts are also shown (see section 4.3).

the trials, following the same procedure as that described in
Aharonian et al., 2006a but taking into account the larger
area covered by the extended GPS, yields a post-trial sig-
nificance of 10.9 σ (for 525000 trials).

To evaluate the extension and the position of the
source, the uncorrelated excess sky-map was fitted to
a symmetrical two-dimensional Gaussian function, con-
volved with the H.E.S.S. PSF (PSF∼0.08o above 200 p.e.).
The best-fit position lies at l=40◦23′9.′′2±2.′4 stat and b=-
0◦47′10.′′1±2.′4 stat, with a systematic error of 20” per axis
(Gillessen, 2004), and the intrinsic extension derived is
σsrc = 0.34◦+0.04

−0.03.

3. Morphology and spectrum

To study the morphology of the source, a cut of 200 p.e.
on the shower size was applied to optimize the signal-to-
background ratio and angular resolution, and the result-
ing sky map was Gaussian-smoothed (σ=0.11o). As can be
seen in Fig. 2, the excess event map departs apparently
from a Gaussian shape, but the significance of this effect is
marginal. When excess events are separated in two differ-
ent energy bands, 0.7 to 2.5 TeV, and that above 2.5 TeV
(the two bands were selected (a-priori) such that the signal-
to-noise ratio remains constant under the hypothesis of a
source with a hard spectrum photon index of 2.2), the emis-
sion peaks of the corresponding excess maps show a slight
offset (0.16◦ apart) with respect to each other, following
roughly the morphology of the total excess map.

Two circular regions of radius 0.2◦ were selected around
the positions of the low and high energy fitted centroids.
The energy spectrum was derived in these two regions
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Fig. 3: Differential energy spectrum of HESS J1908+063 mea-
sured in the energy range 300 GeV-30 TeV. The differential flux
of MGRO J1908+06 at 20 TeV is shown in red. The black dot-
ted line represents the Crab Nebula energy spectrum measured
by H.E.S.S. The residuals to the power-law fit are shown in the
lower panel.
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Fig. 4: Differential flux at 20 TeV vs. galactic longitude for
sources detected by H.E.S.S. and Milagro for l ∈ [35◦, 45◦]. The
blue lines show the differential sensitivity of Milagro for 0◦ and
10o declination, which correspond to the declination range of
Milagro observations for these galactic longitude values.

(see below for details of the procedure). The results of
these spectral analysis show the expected tendency, i.e. the
spectral index derived at the high energy peak is harder
than the one at the low energy region, with a difference
of 0.17. Nevertheless the systematic error of the measure-
ments (±0.2) forbids any conclusion on the separation in
two sources/peaks.

The energy spectrum was derived considering a single
source within an integration radius of 0.5◦ (to take into
account the angular extension of the source), centered on
the best-fit position, by means of a forward-folding max-
imum likelihood fit (Piron et al., 2002). The background
was evaluated from positions in the field of view with the
same radius and same offset from the pointing direction as
the source region. The spectrum, shown in Fig. 3, is well
fitted with a simple power-law function with a hard photon
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Fig. 3: Differential energy spectrum of HESS J1908+063 mea-
sured in the energy range 300 GeV-30 TeV. The differential flux
of MGRO J1908+06 at 20 TeV is shown in red. The black dot-
ted line represents the Crab Nebula energy spectrum measured
by H.E.S.S. The residuals to the power-law fit are shown in the
lower panel.
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Fig. 4: Differential flux at 20 TeV vs. galactic longitude for
sources detected by H.E.S.S. and Milagro for l ∈ [35◦, 45◦]. The
blue lines show the differential sensitivity of Milagro for 0◦ and
10o declination, which correspond to the declination range of
Milagro observations for these galactic longitude values.

(see below for details of the procedure). The results of
these spectral analysis show the expected tendency, i.e. the
spectral index derived at the high energy peak is harder
than the one at the low energy region, with a difference
of 0.17. Nevertheless the systematic error of the measure-
ments (±0.2) forbids any conclusion on the separation in
two sources/peaks.

The energy spectrum was derived considering a single
source within an integration radius of 0.5◦ (to take into
account the angular extension of the source), centered on
the best-fit position, by means of a forward-folding max-
imum likelihood fit (Piron et al., 2002). The background
was evaluated from positions in the field of view with the
same radius and same offset from the pointing direction as
the source region. The spectrum, shown in Fig. 3, is well
fitted with a simple power-law function with a hard photon
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Discovery of the Pulsar

• We discovered a 106.6 ms 
pulsar in a blind period search 
of LAT data.  

• 19,000 year spin-down age 

• 3.1 x 1012 gauss

• 2.8 x 1036 ergs s-1

• best fit location of 
RA= 286.965 , DEC = 6.022

Abdo A. A. et al. 2009

4

~5 months of data

Fig. 1. Frequency and frequency derivative distribution of the new pulsars. The dots represent the ∼1800 pulsars246

in the ATNF catalog (20), the triangles represent the new pulsars reported in this paper, and the squares represent247

the 6 previously-known EGRET gamma-ray pulsars, including the Crab. The stars represent the new population248

of gamma-ray millisecond pulsars detected by Fermi-LAT and reported in the companion publication (10). The249

shaded region shows the parameter space covered by our blind search and includes∼ 86% of the ATNF pulsars.250
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Localization 

• Improved analysis techniques allow us to fit 
for position when timing the pulsar. 

• This gives a very accurate position 
determination down to few arcsecond 
accuracy. 

• This is crucial for multi wavelength follow-
up observations. 
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Radio Detection 
Using the LAT timing position and ephemeris

• Very faint radio pulsations detected at 1.5 GHz with Arecibo (Paulo 
Freire)

• Flux density of 3.4 uJy 

• DM distance of 3.2 kpc

• Extremely low radio luminosity, but not the lowest ever :

- Pseudo-luminosity of 0.035 mJy kpc2. Smaller than the least 
luminous young pulsar (< 100,000 yrs) in the ATNF catalog (PSR 
J0205+6449 with 0.46 mJy kpc2 at 1.4 GHz)

- More luminous than PSRJ1741-2054 (0.025 mJy) first discovered 
by Fermi and later found in deep radio searches.
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Pulse Profile
• Gamma rays:

- Two distinct peaks with 
∆ = 0.36

- Pulsations detected at E > 5 GeV 

- No significant evolution in shape 
of P1/P2 with energy

• Radio lead δ = 0.22 and ∆ are in 
good agreement with the correlation 
predicted for outer magnetosphere 
models.  

1.5 GHz

> 0.1 GeV

7

14 months of data
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Fermi LAT Counts Map

8

Complex and busy region of the Galaxy that  must be treated 
with care in the spectral analysis

On-pulse Off-pulse
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Spectral Energy Distribution

• LAT upper limits on 
emission from the TeV 
PWN requires a 
turnover between 20 
and 300 GeV. 

• We constrain the overall 
GeV-TeV PWN flux to 
be < 25% that of the 
pulsed flux.

• Very efficient in 
generating pulsed 
gamma-rays (13%). 
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dE
= (7.06 ± 0.43stat. + (+0.004

−0.064)sys.) × 10−11E−Γe−E/Ec γ cm−2 s−1 MeV−1 (1)

where the photon index Γ = 1.76 ± 0.05stat. + (+0.271
−0.287)sys. and the cutoff energy Ec = 3.6 ±228

0.5stat. + (+0.72
−0.36)sys. GeV.229

The integrated energy flux from the pulsar in the energy range E ≥ 100 MeV is Fγ =230

(3.12 ± 0.15stat. + (+0.16
−0.15)sys.) × 10−10ergs cm−2s−1. This yields a γ-ray luminosity of Lγ =231

4πfΩFγd2 = 3.8×1035fΩd2
3.2ergs s−1 above 100 MeV, where fΩ is an effective beaming factor232

and d3.2 = d/(3.2)kpc. This corresponds to an efficiency of η = Lγ/Ė = 0.13Fγd2
3.2 for233

conversion of spin-down power into γ−ray emission in this energy band.234

We set a 2σ flux upper limit on γ-ray emission from the pulsar in the off-pulse part235

of Foff < 8.31 × 10−8 cm−2 s−1. In addition to the γ-ray spectrum from the point-source236

pulsar PSR J1907+0602, we measured upper limits on γ-ray flux from the extended source237

HESS J1908+063 in the energy range 0.1–25 GeV. We performed binned likelihood analysis238

using the Fermi Science Tool gtlike. In this analysis we assumed an extended source239

with gaussian width of 0.3◦ and γ-ray spectral index of −2.1 at the location of the HESS240

source. The upper limits suggest that the spectrum of HESS J1908+063 has a low energy241

turnover between 20 GeV and 300 GeV. Figure 3 shows the phase-averaged spectral energy242

distribution for PSR J1907+0602 (green circles). On the same figure we show data points243

from HESS for the TeV source HESS J1908+063 (blue circles) and the 2σ upper limits from244

Fermi for emission from this TeV source. Figure 4 shows an off pulse residual map of the245

region around PSR J1907+0602. The timing position of the pulsar is marked by the green246

cross. The 5σ contours from Milagro (outer) and HESS (inner) are overlaid. As can be seen247

from the residual map, there is no γ-ray excess at the locations of neither the pulsar nor at248

the location of the PWN.249

6. X-ray Counterpart250

A 23 ks ASCA GIS exposure of the EGRET source GeV J1907+0557 revealed an ∼251

8′×15′ region of possible extended hard emission surrounding two point-like peaks lying ∼ 15′252

to the southwest of PSR J1907+0602 (Roberts et al. 2001) and no other significant sources253

in the 44′ ASCA FOV. A 10 ks Chandra ACIS-I image of the ASCA emission (ObsID 7049)254

showed it to be dominated by a single hard point source, CXOU J190718.6+054858 with no255

compact nebular structure and just a hint of the several arcminute-scale emission seen by256

ASCA. CXOU J190718.6+054858 seemed to turn off for ∼ 2 ks during the Chandra exposure,257

suggesting that it may be a binary of some sort or else a variable extragalactic source. There258
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compact nebular structure and just a hint of the several arcminute-scale emission seen by256

ASCA. CXOU J190718.6+054858 seemed to turn off for ∼ 2 ks during the Chandra exposure,257

suggesting that it may be a binary of some sort or else a variable extragalactic source. There258
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Chandra X-Ray Counterpart

• 19 ksec exposure
• No flux < 1 keV and significant flux > 2 keV
• Non-thermal emission mechanism
• Hint of spatial extent for harder emission. 
• Very low X-ray flux suggests DM distance is not an overestimate. 
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Fig. 6.— Chandra ACIS images of PSR J1907+0602. The blue ellipse shows the uncertainty
in the timing position. The green circle of radius 0.8′′ is twice the FWHM of the 5keV PSF

at this position, and should contain roughly 80% of the counts. The image at 0.75-2 keV
(Left), 2-8 keV (Center) and 0.75-8 keV (right) is shown. Color scale shows the counts per

pixel.
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Fig. 7.— Chandra X-ray spectrum of PSR J1907+0602.

Chandra X-Ray spectrum
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- Fermi LAT timing position
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Birthplace of the Pulsar
• The bulk of the TeV PWN is between 

SNR G40.5-0.5 and the pulsar. 

• Age and distance estimates of the SNR 
are in agreement with those of the pulsar. 

• Distance between G40.5-0.5 and 
PSRJ1907+0602 is 28 pc

-  At 3.2 kpc, this requires a 1400 km/
s transverse velocity for the pulsar.  

- Any associated X-ray or radio PWN 
should have a bow-shock and a trail 
pointing back to the SNR. 

• Lower velocities would be required if the 
pulsar was born at the center of the TeV 
PWN.
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Summary 
• PSR J1907+0602:

- A very faint radio pulsar.

- Very efficient in generating pulsed gamma-rays. 

- X-ray counterpart: CXOU J190754.7+060214

• The TeV source is plausibly the wind nebula of PSR J1907+0602. 

- The derived timing position of PSR J1907+0602 is well inside the extended 
TeV source.

- The energetics work out. Pulsar can power the PWN:

• Overall GeV-TeV PWN flux is <= 25% of the pulsed flux.

- LAT U.L. suggest PWN spectrum to have a low energy turnover between 20 and 300 GeV. 

• This nebula is more luminous than the Crab at 20 TeV. 

• See talk by Michael Dormody on PSR J1022-5746 , another Fermi blind search 
pulsar that seems to be powering a TeV source
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Fermi LAT Residual Counts map
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